In this work, conjugated polymers based on thiophene: polythiophene, poly (3-alkythiophene) and poly (alkylbithiophene) were characterized using the nuclear magnetic resonance (NMR) and UV spectroscopy to determine their spectroscopic properties. Then, their structural, electronic and vibrational properties were investigated using the density functional theory (DFT) calculations by the oligomeric approach. The optoelectronic properties were assessed, as well. The obtained results were discussed basing on the influence of substitution on the properties of the oligomers. The possibility of thiophene based oligomers photovoltaic application was also studied. We have shown that the octithiophene (8T) its derivatives have a very good conversion rate and it serves as a candidate for the photovoltaic application.
Introduction
Conjugated polymers have been widely studied by several researchers over many years [1, 2] .
These new materials discovered in 1977 by A.J. Heeger [3] . The main idea of the work was to investigate the dramatic increase of the conductivity of polyacetylene doped with iodine. The obtained results have opened up perspectives for many industrial applications such as for the conception of new organic photovoltaic cells and blue-emitting material for OLED and organic fieldeffect transistors [4, 5] . Among the various conjugated polymers, polythiophene has gained an increasing interest due to its stability. Despite of the various applications of polythiophene, its low solubility posed a significant technical hurdle to respond to different requirements and greatly limited its industrial development. The substitution of hydrogen at position 3 with an alkyl group could provide a straightforward avenue for improving the solubility of polythiophene. Then, a new class of conjugated polymers named poly (3-alkylthiophene) , soluble in many organic solvents, is obtained [6] [7] [8] . These advanced materials that display a wealth of appealing properties were studied by several physicochemical techniques. Specifically, the use of solution characterization techniques allowed a good identification of the sequences in the polymer chain [9] . Furthermore, since alkyl chains were found to play an important role in the molecular properties and spectral characteristics of poly (alkylthiophene) it is indispensible to obtain a thorough knowledge of the structure and backbone of the polymer chains.
The present work discusses a theoretical evaluation of the geometric, optoelectronic, absorption, and photovoltaic properties of polythiophene (8T), poly (3-alkylthiophene) (8AT) and poly (alkylbithiophene) (8ABT) ( Figure 1 ). The thiophene based oligomers were designed by introducing various alkyl groups. The impact of alkyl grafting on the thiophene ring and the regularity of sequences on physicochemical properties were investigated. We have focused our attention on improving these properties to make the studied oligomers excellent candidates for applications in organic devices such as the organic light emitting diode and organic solar cells.
The reported thiophene-based oligomers showed excellent photovoltaic properties including, the weak energy gap, high visible absorption, and low HOMO energy level which can boost the open circuit voltage VOC value. Thanks to these interesting properties, these oligomers have been the subject of many diverse industrial applications especially in the field of organic electronics.
Experimental

Materials (bibliographic synthesis)
In this work, three thiophene-based polymers were studied ( Figure 1 ). The first work on polythiophene (PT) has been published by Yamamoto et al., [10] . They have synthesized the PT by using polycondensation of 2,5-dibromothiophene using coupling magnesium in the tetrahydro furan (THF). Polythiophene has attracted significant attention for technological applications because of its interesting electron-transport and nonlinear optical properties. However, it remains completely insoluble and infusible due to the rigidity of its chain [11, 12] . Many attempts were taken to increase its solubility by amending several parameters in the chemical reaction. A viable and promising approach to the maximization of the efficiency of polythiophene is by grafting an alky group on position 3 of thiophene ring [13] .
The poly (3-alkylthiophene) has been prepared by numerous teams according to different experimental protocols, either by chemical or electrochemical polymerization, or by organometallic synthesis [14] . It is worthy to note that two types of sequences are generated after substitution by an alkyl: the regular one named head-to-tail (HT) and the irregular one named head-to-head (HH). Let's remember that:
-Poly (3-alkylthiophene) (with 98% of HT) has been prepared by applying the palladiumcatalyzed coupling procedure [15] , according to Scheme 1:
Organometallic synthesis of poly (3-alkylthiophene) [15] Direct oxidation of the monomer with ferric chloride (FeCl3) represented by Scheme 2, leads to the formation of poly (3-alkylthiophene) having both the regular HT and irregular HH fragments with an important proportion of HT sequences [16] .
Oxidation synthesis of poly (3-alkylthiophene) [16] For poly (alkylbithiophene), it was prepared according to the method adopted by J.P. Lère-Porte et al., [17] , as represented in Scheme 3.
The rate of regularity which represents the percentage of pathways HT present in the polymer chain can be identified by 1 H NMR analysis. Indeed, in the aromatic protons region (6.7-7.1 ppm) the protons of the regular sequences HT appear in 6.98 ppm while the corresponding protons to the irregular chains (HH or TT) appear between 7 ppm and 7.05 ppm. On the other hand, to deduce the proportion of (HT) and (HH) sequences detected at 2.8 and 2.58 ppm respectively, in 1 H NMR spectrum, an integration of the signals associated with the first CH2 of alkyl is performed ( Figure 3 ). [18] allowed to obtain a polymer with polymer with only 2% chain defects (HH) and an absorption maximum λmax = 515 nm. The same percentage was obtained by Reicke et al., [14] [15] [16] [17] [18] [19] .
These results revealed that the position of the maximum absorption (λmax) strongly depends on the proportion of sequences [20] [21] [22] [23] [24] [25] . When the polymer contains head-to-head chaining defects (HH), the value of λmax is lower and the material loses in conjugation (Table 1 ). This is explained by the superabundance of the alkyl chains and therefore, the (HH) chain defects lead to steric constraints.
The polymer adopts in this case conformations, leading to a rupture of the conjugation and a degradation of the electro-active properties of the polymer. 
Methods of quantum chemistry
All the molecular calculations were performed in gas phase using the Gaussian 09 program [26] . The optimizations were performed using the DFT/B3LYP with 6-31G (d, p) basis set for all atoms [27] [28] [29] . The calculation of vibration frequencies for each molecule revealed that there are no imaginary frequencies. This confirms that the optimized geometry is located at a minimum point of the potential surface. The long rang coulomb-attenuating method (CAM-B3LYP) [30] has been applied to predict the excitation energies and the absorption spectra of conjugated molecules. In this work the vertical excitation energy and electronic absorption spectra were simulated using the TD-CAM-B3LYP method [31] . The energy of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels were examined and visualized using the Gauss view software [32] . 
Results and discussion
The computational study was based on an oligomeric approach already applied by many authors, especially by Bouzzine et al., [33] . We consider as models 08 thiophene-based oligomers: (8T), (8AT, HT), (8ABT) and (8AT, HH) ( Figure 6 ), and carry out a quantum study on them. We examined the geometric, electronic, optical and photovoltaic properties of these 4 models of the thiophenebased oligomers. To study the influence of alkyl groups' substitution on the latter properties, (8T) was taken as a reference oligomer. Our results on (8T) properties were in accordance with the results obtained by H. Nikoofard et al., [34] . The gap energy was found to be 2.27 eV and the values of the simulated absorption spectra was λmax=559 nm.
Geometric properties
To assess the effect of the alkyl groups on the geometric properties of the studied thiophene-based oligomers, we have started by optimizing the structures using the B3LYP/6-31G method (d, p). The selected dihedral angle θi (i=1-7) and the inter-ring distance parameters di (i=1-7) are depicted in Figure 8 , Tables 3 and 4 . Theoretical calculations depicted that the obtained torsion angles adopt a value of approximately 180° for (8T) (a quasi-planar conformation). In the rest of oligomers structures, the dihedral angles evolved toward an anti-gauche conformation with θ varying in the ranges 139.51°-156.73°, 151.08°-177.09°, and 102.29°-168.59° for (8AT, HT), (8ABT) and (8AT, HH), respectively. By comparing the geometrical parameters of the studied thiophene-based oligomers especially the torsion angles values, it was found that the insertion of the alkyl groups significantly may cause a distortion between the thiophene rings, and subsequently the structures, hence the variation of the electronic properties of parent polymers. These results can be explained by the repulsion of alkyl groups which promote the fragility of the compounds. Furthermore, it is worthy to note the existence of a strong attraction between alkyl groups, proved by an increase of HH irregular sequences in substituted oligomers (8AT, HT), (8ABT) and (8AT, HH) respect to those of (8T).
Electronic properties and frontier molecular orbital
It is important to examine HOMO and LUMO orbitals for these molecules, because the relative scheduling of the occupied and virtual orbit provides a reasonable qualitative indication of the excitation properties [35] . For that, the HOMO and LUMO energy levels of our studied coupunds (8T), (8AT, HT), (8ABT) and (8AT, HH) have been examined. As indicated in Figure 9 , the HOMO Electro-optical and Photovoltaic Properties of… P a g e | 212
had an anti-bonding character between the consecutive subunits, while the LUMO showed a binding character between the subunits. The energy values EHOMO, ELUMO, and Egap were theoretically evaluated from the optimized geometries obtained by B3LYP/6-31G (d, p). The obtained data are summarized in Table 5 , comparing these theoretical energies values to those measured practically, a slight difference was clearly observed. This can be due to the fact that the calculations are supposed to be made in having the highest gap energy. Consequently, the conformational structure is modified, producing a decrease in the mobility of charges, followed by a recombination of charges in the active layer and hence a lower free carrier density.
Photovoltaic properties
The bulk heterojunction BHJ cells consisting of polythiophene as donor and PCBM (or these derivatives) as acceptor have many advantages such as low manufacturing cost and easy processing. The organic solar cells based on these molecules have been attracting much attention by many researches [36] . Efficiency of the π-conjugated compounds as photovoltaic devices can be estimated by calculating the power conversion efficiency (PCE) which measures the amount of power produced by a solar cell relative to the power available in the incident solar radiation (Pinc).
The photovoltaic cell efficiency (power conversion efficiency ( )), can be calculated using Equation
Where Pinc is the incident power density, Voc is the open-circuit voltage, Jsc is the short-circuit current, and FF is the fill factor. The theoretical values of the open-circuit voltage Voc were calculated using Equation 2 [38] .
(2) The Voc values calculated by Equation 2 were ranging from 1.53 V for (8T), to 1.95 V for (8AT, HH) when considering 2.4.6-OMe-PCBM as an acceptor (Table 5 ).
To achieve an effective injection of the electron into the conduction band of 2.4.6-OMe-PCBM, the difference between the LUMO energy of the donor (oligomer) and the LUMO energy of the acceptor must be positive.
(
As seen in Table 5 and absorption spectra of all studied molecules are shown in Table 6 . The spectra shown in ( Figure   11 ) exhibited similar profiles for all compounds. They display a main intense band at higher energies in the visible region ranging from 345.21 nm for (8AT.HH) to 478.05 nm for (8T). These strong absorption peaks were assigned to the intramolecular charge transfer (ICT) transitions, and arise from S0 to S1, which corresponds to the dominant promotion of an electron transition from HOMO to LUMO.
From the results recorded in Tables 3 and 4, contrary 11 . Theoretical UV-visible optical absorption spectra of thiophene-based oligomers (8T), (8AT, HT), (8ABT) and (8AT, HH), plotted from data obtained using the CAM/B3LYP method absorption coefficient of (>10 5 cm -1 ). Biological semiconductor could be classified according to its molecular weight and its gain or loss capacity of electrons. Biological semiconductor can be distinguished as small molecule or polymer and as electron donor or electron acceptor. In case of the last classification, when a photon is absorbed by an electron donor, the electron is excited to an excited state of energy. It binds with the holes to form exciton with a binding energy of about 0.3-0.4 eV. The latter is then scattered at the interfaces between the electron donor and acceptor under the integrated electric field and will be dissociated into free charge carriers. That will be collected by their corresponding electrodes. Based on Scharber model [40] , the maximum power conversion efficiency of the photovoltaic solar cell for the compound (8T)/2.4.6-OMe-PCBM can attained 5% (see Figure 12 ).
The compound (8T) showed the best conjugation properties and it can be a candidate for the photovoltaic application. However its insufficient solubility limits the application. Such an issue is solved by substituting (8T) by alkyl groups. So, (8AT, HT) was found to exhibit interesting photovoltaic properties. In general and according to the results obtained (weak gap, high visible absorption, VOC value and solubility), the thiophene oligomers and derivatives are excellent candidates for applications (LEDs, transistors, photovoltaic ones). The results demonstrated that, the electronic and optical properties of the oligomers can be significantly improved by changing the number of alkyl groups and the regularity of sequences.
To assay the efficacious employ of the studied thiophene-based oligomers in the solar cell applications, the Scharber model has been followed. The oligomer (8T) revealed a very good conversion rate and served as a candidate for the photovoltaic application. Its substitution by alkyl groups to overcome the issue of its low solubility gives rise to the (8AT, HT) oligomer with interesting photovoltaic properties. It was also found that the grafting by alkyl groups is an effective way to design new materials with properties of photovoltaic cells.
Finally, it is recommended that the systematic use of DFT approach can predict the optoelectronic properties on various oligomers, which helps to understand the structure-properties relationship of these systems, and further to design novel materials suitable for high performance for organic solar cell devices.
